We report the appearance of chimera states in a minimal extension of the classical Vicsek model for collective motion of self-propelled particle systems. Inspired by earlier works on chimera states in the Kuramoto model, we introduce a phase lag parameter in the particle alignment dynamics. Compared to the oscillatory networks with fixed site positions, the self-propelled particle systems can give rise to distinct forms of chimeras resembling moving flocks through an incoherent surrounding, for which we characterize their parameter domains. More specifically, we detect localized directional one-headed and multi-headed chimera states, as well as scattered directional chimeras without space localization. We discuss canonical generalizations of the elementary Vicsek model and show chimera states for them indicating the universality of this novel behavior. A continuum limit of the particle system is derived that preserves the chimeric behavior.
Self-propelled particle (SPP) models have been widely investigated for the description of large variety of collective behavior, e.g. colonies of bacteria, swarms of insects, schools of fish, flocks of birds, human crowds, and interacting robots [1] . The Vicsek model [2] is considered to be the simplest model for this purpose, where the particle direction of motion is determined by the average direction of others within a given neighborhood, and the absolute velocity is constant. Classical results for the Vicsek model concern conditions for complete directional synchronization of the particles scattered in space. Recently, chimera states in oscillatory networks were discovered as remarkable spatio-temporal patterns where regions of synchrony coexist with regions of incoherent motion. First observed in 2002 for a non-locally coupled complex Ginzburg-Landau equation and for the Kuramoto model [3, 4] , they today constitute a field of intensive theoretical and experimental research in physics, chemistry, and biology (see review paper [5] and references therein, and very recent contributions [6] ).
We consider a modified version of the Vicsek model, where N particles move with a constant velocity in a twodimensional space with periodic boundary conditions, according to the equations of motion of the forṁ
with r i = (x i , y i ) and v(ϕ i ) = (cos ϕ i , sin ϕ i ), where the particles are assumed of unit mass and unit speed without loss of generality. Each particle i interacts with all neighbors j within a finite interaction range ρ, i.e. with all particles falling in the disk
The alignment is controlled by the coupling coefficient σ and the time-dependent number of neighbors |B i ρ |. In the alignment term in Eq. (1) we allow for a phase lag parameter α that induces eventually a circular motion of an aligned group of particles. For α = 0, the dynamics of Eq. (1) coincides with the traditional Vicsek model in polar coordinates [7] . For model (1), we report the appearance of chimera states, where the particles stably split into two groups after a transient period: one phase-coherent and localized in space, the other phase-incoherent and space distributed. The states of this kind show unique properties that differ from "classical" chimeras in oscillatory networks with fixed node positions. In contrary, selfpropelled chimeras in SPP systems refer to the local aggregation of a group of particles that then move coherently through space in an incoherent surrounding. A peculiarity of the dynamics is its diffusive character: some particles can sporadically leave the coherent group to behave in a disordered way, but others join it to move coherently. This fascinating behavior is preserved for natural extensions of the model (1) which are discussed later in this Letter. We emphasize that coherent structures in form of strips or blobs can also be obtained in the standard Vicsek model by introducing noise [8] . Our situation is radically different: coherent localized structures in Eq. (1) arise solely due to internal nonlinear interactions imposed by non-local coupling in the complete absence of noise.
Results of direct numerical simulation of model (1) in the two-parameter plane of coupling radius ρ and phase lag α are presented in the phase diagram in Fig. 1 . It reveals the existence of chimera states in a considerable domain at an intermediate radius of coupling ρ and for a phase lag α between 1.2 and π/2. For smaller α or larger ρ, complete phase synchronization occurs, although the particle positions remain space-disordered as assigned by the initial particle distribution [9] . Alternatively, for α close to π/2 and small ρ collective motion is fully disordered both in phase and position [10] .
Self-propelled chimeras with one coherent group exist for a large interval of phase lags (yellow parameter region in Fig. 1 , snapshot (I)). Within a subdomain such one-headed chimeras co-exist with multi-headed chimeras comprising two or more separate coherent groups that move in a disordered surrounding (cross-hatched yellow region, snapshot (II)). Phase chimeras characterized by partial phase synchronization without any space localization can be observed for a distinct parameter domain of relatively narrow width (blue region, snapshot (III)). Finally, the domain encompassing those two distinct chimera regions corresponds to an intermittent system behavior between neighboring states resembling heteroclinic cycling (oblique hatched region). See Supplemental Material [11] and corresponding videos S1-S3 / [12] illustrating the reported chimera states starting from random initial conditions. (Color online) Space-time plots for a chimera state in an SPP system characterized by means of localization (a) and phase velocity (e) measures (color coding). Localization is captured through the distance of particles to the point of maximal density. Phase velocity refers to the rate of change of direction ϕ of each particle. In both plots particles are ordered identically with respect to the distance to the maximal density point, with the particle of smallest distance placed in the center (see Section S.1 of [11] for an alternative representation); temporal averaging of 100 time units is applied; (b),(c),(d) and (f),(g),(h) instantaneous values of (a) and (e), respectively, at time units t1 = 1000, t2 = 2100, and t3 = 8000, respectively; parameters: σ = 1.0, ρ = 0.25, α = 1.53, N = 1000.
The typical emergence of chimera states in an SPP system is illustrated by the space-time plots in Fig. 2 . The analysis demonstrates that particles in the coherent group create a phase synchronized cluster and that the remaining particles, not in the cluster, are phase desynchronized and scattered through the whole space. Along the route to this chimera state the following three characteristic phases are transversed starting from general ran-dom initial conditions. First, within the initial transient period (cf. Fig. 2 at t 1 ) the system behavior is totally disordered both in space and in phase. Second, phase synchronization gradually accrues, however, there is no sign of particle localization (cf. Fig. 2 before t 2 ). Third, a transitional large group of phase coherent particles is formed (cf. Fig. 2 at t 2 ) and rapidly after, a self-propelled chimera state emerges that stays on for the rest of the simulation time (in Fig. 2 up to t = 50000) . Particles in the coherent group move along quasicircular orbits (cf. Fig. 3(a) ), clockwise for α > 0 and counter-clockwise for α < 0. The radius of the coherent group rotation ξ can be estimated, by analyzing Eq. (1) [13] , as
where q = |N c |/|B i ρ | T is the time-average fraction of coherent particles N c in the neighborhood B i ρ , calculated for every particle i in the cluster for the period of rotation T (in the case of Fig. 3 it is about 80 time units). As it follows from Eq. (3), the rotation radius ξ decreases with increase of the coupling strength σ and becomes smaller than 0.5 for σ > 3 (see Fig. 3(c) ). For this case, the coherent group moves entirely inside the unit square [0, 1] × [0, 1], i.e. without crossing periodic boundaries. See Supplemental Material [11] and videos S4 and S5 / [12] of the system behavior for σ = 4 and σ = 10, respectively. It demonstrates that, with increasing σ, localization of the coherent group decreases, so it covers larger but sparser area in the space.
Particles which are not in the coherent group scatter through the whole space exhibiting a kind of chaotic itinerancy, illustrated in Fig. 3(b) . The desynchronized particles try to follow the circular rotations of the coherent group but generally fall off the cluster after some time and continue wandering again. Quasi-periodic and wandering intervals alternate in a chaotic manner resembling a homoclinic cycling. Occasionally, the particles can join the coherent group for longer time performing a number of full rotations. However, sooner or later, each of them will leave the coherent cluster. In Fig. 3(d) , both escape and capture rates of the coherent cluster are shown illustrating a surprising balance between "evaporation" and "condensation". As a result, the total number of particles in the cluster remains approximately constant. We note that the traditional phase order parameter [3] is limited in characterizing chimeras in SPP systems, especially for multi-headed chimeras (see Section S.2 of [11] ).
Continuum Limit.-In the following we derive the continuum limit of the finite-particle model (1) and show by numerical integration of the phase component that partial phase synchronization as the necessary condition for chimeras is preserved in this limit. We follow the approach of [14] and start by defining the empirical probability density function for N particles
Conservation of probability imposes a Vlasov-type equation of the form
Under appropriate scaling and under mild regularity condition [15] the limiting distribution f (r, ϕ, t) = lim N →∞ f N (r, ϕ, t) exists and satisfies correspondingly
whereṙf is the flux due to the motion of the particles andφf is the angular flux resulting from the alignment
and the associated equation forṙ(ϕ, t) corresponding to (1). Accordingly, (5) is an integro-differential equation and delicate to solve numerically. Under a phase chimera state (cf. corresponding inset III in Fig. 1) we can assume spatial homogeneity [16] for all ϕ, yielding f (r, ϕ, t) =f (ϕ, t) for the considered unit square domain. Integrating (5) over that domain yields
According to inset III in Fig. 1 a phase chimera solution to (7) should exhibit a pronounced peak for a certain angle and significant nonzero mass at other angles corresponding to the coherent and non-coherent particles, respectively. For complete synchronization, in contrast, the phase distribution converges to a Dirac delta. Fig. 4 shows the solution of (7), based on a donor-cell advection scheme [17] with the use of minmod slope limiter, together with its global phase order parameter. To test if chimera states represent a universal behavior in SPP models, we also investigated an extended version of the modified Vicsek model (1) of the forṁ
where θ ji = arg(r j −r i ) denotes the polar positional angle of particle j in the reference frame of particle i, G and F are general coupling functions of the scalar distance between particles. Compared to the minimal model (1), the first term on the right hand side of (8) replaces the piece-wise constant coupling function of (1). The second term on the right hand side of Eq. (8) describes arbitrary particle cohesion [18, 19] , the strength of which is regulated by the parameter µ and the form of function F . In the following example, the aligning force G is taken as a smooth approximation to the piece-wise constant function of (1) in the form G(r) = 1 if r ≤ ρ − δ, G(r) = 0.5 − 0.5 cos(π(r − ρ)/δ) if r < ρ, and G(r) = 0 if r ≥ ρ, where parameter δ > 0 indicates the width of the transitional region [20] . Note that Eq. (8) turns into (1) as δ, µ → 0. The attractive-repulsive force F is chosen to be a Morse-type potential U (r) = C R e −r/l R − C A e −r/l A , where coefficients C R , C A > 0 specify the ratio of repulsive and attractive forces and l R , l A encode their length scales, respectively [21] [22] [23] . Figure 5 shows that chimera states are preserved in the extended model (8) for small positive δ and µ, although the respective parameter regions change. In particular, the self-propelled chimera region (yellow in Fig. 1 and Fig. 5 ) shrinks rapidly whereas the phase chimera region (blue in Fig. 1 and Fig. 5 ) gradually expands for increasing δ and µ. Typical examples of the system behavior in this case are illustrated by videos (S6, S7) [12] .
In conclusion, we have shown the existence of chimera states in a modified version of the Vicsek model. There are two types of chimera states: a localized directional state, where some number of particles assemble in a flock and move coherently together, and a scattered directional state, where the majority of particles synchronizes in phase but yet do not gather into a localized group. These states exist for a wide range of coupling parameters. The transitions between different states occur through chaotic itinerancy when the system is captured by different attractors from the neighboring regions. We have described the behavior of the system in the case of the most striking one-headed self-propelled chimera state. We have derived the continuum limit for the proposed model, and shown that the joint condition for both types of chimera states, e.g. partial synchronization of phases, is preserved in this limit. We have found similar chimera-like regimes for a general SPP model including a cohesion term with both attractive and repulsive parts and assuming more realistic smooth phase alignment functions. This indicates a common, probably universal phenomenon, in SPP models of a new kind, due to the non-local phase lag interaction.
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